Abstract. In abnormal skin wound healing, hypertrophic scars (HS) are characterized by excessive fibroblast hypercellularity and an overproduction of collagen, leading to atypical extracellular matrix (ECM) remodeling. Although the exact mechanisms of HS remain unclear, decreased HS fibroblast (HSFB) apoptosis and increased proliferation are evident in the development of HS. In this study, the contribution of the second mitochondria-derived activator of caspases/direct inhibitor of apoptosis protein (IAP)-binding protein with a low isoelectric point (pI) (Smac/DIABLO), an apoptosis-promoting protein released from the mitochondria, was investigated in human normal skin and HSFB cultures. The expression of Smac/ DIABLO is usually decreased in many malignant tumors compared with normal tissues. Immunohistochemical analysis of skin tissues and the western blot analyses of fibroblasts revealed that the expression of Smac/DIABLO was lower in HS tissues compared with normal skin tissues. Of note, adenovirusmediated Smac/DIABLO overexpression in the cultured HSFBs significantly reduced cell proliferation, as detected by the cell counting kit-8, and increased caspase-3 and -9 activity, as detected by spectrofluorimetry. In addition, it increased apoptosis, as detected by fluorescence-activated cell sorting (FACS). Furthermore, we found that the silencing of Smac with siRNA in the HSFBs induced a noticeable decrease in caspase-3 and -9 activity, leading to a significant reduction in apoptosis. In addition, the mRNA expression of type I and III pro-collagen detected in the HSFBs was significantly increased following the silencing of Smac with siRNA and was inhibited following Smac/DIABLO overexpression, as shown by real-time RT-PCR. In conclusion, Smac/DIABLO decreases the proliferation and increases the apoptosis of HSFBs. To our knowledge, the data from our study suggest for the first time that Smac/DIABLO is a novel therapeutic target for HS.
Introduction
The formation of hypertrophic scars (HS) is a common abnormal response to wound healing which generally occurs following surgery, trauma and burns. Patients with HS often have severe impairment of their quality of life, including itching, pain, stiffness, loss of joint mobility or anatomical deformities that finally delay the resumption of normal life and create a huge financial burden on the healthcare system. Many treatments for HS, such as surgical excision, corticosteroid injections, splinting and pressure therapy, as well as novel methods, including interferon and 5-fluorouracil therapy, are not often completely successful and HS easily recur. There is still no consensus regarding the most effective treatment to completely and permanently improve scars with minimal side-effects (1) . Currently, little is known about the incidence and risk factors for HS, although histologically, HS are characterized by excessive fibroblast hypercellularity, an overproduction of collagen and atypical extracellular matrix (ECM) remodeling in the scar tissue (2) . Although the exact mechanisms of HS remain unclear, decreased fibroblast apoptosis in the wound bed and consequently, increased proliferation are observed during the development of HS (3) .
Normal wound healing requires the orchestrated recruitment and proliferation of various cell types in wounds followed by their rapid disappearance. Thus, following re-epithelialization, contraction and when sufficient ECM is formed, the myofibroblast phenotype normally disappears mainly by the activation of programmed cell death (4) . Simultaneously, inflammatory cells are also eliminated to allow the formation of granulation tissue. However, in HS, myofibroblasts and inflammatory cells tend to persist, which may represent an important element in the mechanisms of excessive ECM deposition and scar contractures. Previous studies have suggested that the decrease in myofibroblast sensitivity in response to apoptosis leads to an imbalance between ECM deposition and degradation, resulting in HS (4, 5) . While apoptosis is believed to play an important role in these processes, its upstream regulators and effectors in the wound environment remain unclear. Certain studies have described a decrease in apoptosis together with higher resistance to apoptotic inducers in HS myofibroblasts (6), whereas others have found an increased rate of apoptosis (7, 8) .
The focal upregulation of p53 expression, which plays an important role in the inhibition of apoptosis, has been reported in situations of excessive scarring (9) . There is evidence that Akt mediates this process through the phosphorylation of Bad (9), a negative regulator of Bcl-2, which downregulates apoptosomal activation by Bax and Bak, leading to the inhibition of the intrinsic pathway of apoptosis. In this pathway, imbalance between pro-(Bax and Bak) and anti-apoptotic (Bcl-2 and Bcl-xL) proteins on the mitochondrial membrane stimulates the release of several mitochondrial proteins, including cytochrome c, apoptosisinducing factor, endonuclease G and second mitochondria derived activator of caspase/direct inhibitor of apoptosis protein (IAP)-binding protein with a low isoelectric point (pI) (Smac/ DIABLO) (10, 11) . In the cytosol, cytochrome c, apoptotic peptidase activating factor-1 (Apaf-1) and pro-caspase-9 form the apoptosome complex which activates primary downstream targets (i.e., pro-caspase-3). Finally, active caspases induce characteristic apoptotic changes through their ability to cleave certain key protein substrates in the cell. These caspases can be inhibited by IAPs through direct binding with the baculovirus inhibitory repeat (BIR) domain of IAPs. Of note, little is known about the wound healing effects of the Smac/DIABLO protein, which regulates caspase inhibition by IAPs. Previous studies have described the ability of the Smac/DIABLO protein to downregulate cell proliferation and promote cell apoptosis (12) . The expression of Smac has been shown to be downregulated in renal cell carcinoma (13, 14) , lung cancer (15), testicular germ cell tumors (16) and hepatocellular carcinoma (17) . Moreover, an inverse correlation has been found between the expression levels of Smac/DIABLO and cancer progression (18) .
As several studies have confirmed that Smac/DIABLO promotes apoptosis, we hypothesized that Smac/DIABLO may be involved in the formation of HS. In this study, we examined Smac/DIABLO expression in HS and the effects of its overexpression in HS fibroblasts (HSFBs).
Materials and methods
Patient specimens. HS and normal skin tissues were obtained from 25 subjects (11 males and 14 females, aged 2-34 years) who underwent scar resection at 6-12 months following severe empyrosis. This study was approved by the Ethics Committee of Southwest Hospital of the Third Military Medical University (Chongqing, China). HS tissues were erythematous, raised, pruritic and confined to the site of injury. All samples were in the actively hyperplastic phase, as confirmed by pathological examination. Local infection, ulceration and treatment with glucocorticosteroids or radiotherapy were excluded. Informed consent was obtained from each participant.
Cell cultures. Fibroblasts were established as primary cell lines from HS and normal skin tissue. Using sterile techniques under a laminar flow hood, normal skin and HS tissues were washed in triplicate in Hank's solution, and the epidermis and subcutaneous fat layer were then removed. The dermal specimen was minced into pieces (sized 0.5-1.0 mm 3 ) using a sterile scalpel blade on a Petri dish. All specimens were washed with phosphate-buffered saline (PBS) solution with a combination of 1% penicillin, amphotericin B and streptomycin sulfate. In order to allow the tissue pieces to adhere to the flask wall firmly, the specimens were cultured in serum-containing medium (37˚C, 5% CO 2 ) consisting of DMEM, 10% fetal bovine serum and 1% penicillin-streptomycin. The medium was changed every 2-3 days until the fibroblasts were grew to a monolayer and were spread over the flask bottom when observed under a light microscope. The tissues were then removed and the cells were subcultured. The culture medium was changed every 4 days, and successive subcultures were performed upon confluence. The growth status and morphological changes of the cells were observed under an inverted microscope. Early-passage cells (passages 3-6) were used in this study. Normal skin fibroblasts (NSFBs) were used as the controls for the HSFBs from the same donors, to confirm that HSFBs acted differently from normal fibroblasts.
Immunohistochemistry of Smac. HS specimens and normal skin specimens were fixed, embedded and cut into ~5-µm-thick sections that were placed on Aptex-coated slides. They were then dewaxed in xylene and rehydrated after 10 min on heat. Blocking conditions were then performed for 30 min. The primary antibody for Smac (1:500; Bioss Inc., Beijing, China) was then added followed by incubation for 1.5 h. The secondary antibody was then added coupled with avidin (1:200; Bioss Inc.). We examined the tissues under an Olympus microscope and SPOT™ digital microscope camera (Diagnostic Instruments, Inc., Sterling Heights, MI, USA).
Western blot analysis of Smac. HSFBs and NSFBs were lysed immediately with cold lysis buffer containing 1% phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail and 1% sodium orthovanadate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The supernatants were harvested following centrifugation. Protein was collected using the BCA protein assay kit according to the manufacturer's instructions (Beyotime, Shanghai, China). Proteins were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After blocking with 5% non-fat milk, the membranes were incubated with an antibody against Smac (1:200; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. The membranes were washed with TBS in triplicate and then incubated with secondary antibody for 1 h at room temperature. The protein-antibody complex was visualized by electrochemiluminescence (ECL) western blotting detection reagents. β-actin was used as the control. The gray scale densities of β-actin and Smac were assayed using ImageJ software.
Overexpression and silencing of Smac/DIABLO. The Smac/ DIABLO gene was purchased from ProteinTech Group, Inc. (Wuhan, China). We selected Sal1 and Xba1 as the cutting sites. The primers used for the PCR amplification of Smac/ DIABLO were: Sal1, 5'-ACGCGTCGACATGGCGGCTCT GAAGAGTTGG-3'; and Xba1, 5'-GCTCTAGATCAATCCT CACGCAGGTAGGC-3'. Adenovirus carrying the Smac/ DIABLO gene with an enhanced green fluorescent protein was used as the overexpression group (AD-Smac group), and adenovirus carrying green fluorescent protein only was used as the control (control AD-Smac group). Fibroblasts incubated with PBS only were also used as the blank controls (HSFB group). The HSFBs were incubated with adenovirus at various multiplicities of infection for 24 h. Three days later, protein expression was detected by both fluorescence microscopy and flow cytometry.
Smac siRNA was purchased from Santa Cruz Biotechnology, Inc. The control siRNA had the same composition of nucleotides, but there was no homology between the control siRNA and Smac mRNA. The HSFBs were inoculated in a 24-well plate and incubated for a whole day, then transfected with Smac siRNA (siRNA group), or with control siRNA (control siRNA group). The blank control was HSFBs incubated with PBS (HSFB group).
Cell proliferation analysis. We used the cell counting kit-8 (CCK-8) assay, which is widely used to quantify cell proliferation, to assess HSFB proliferation following transfection with AD-Smac. The detection sensitivity of CCK-8 is higher than other tetrazolium salts, such as 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) or water-soluble tetrazolium salt (WST-1). We inoculated the HSFB suspension (100 µl/well) in a 96-well plate, then pre-incubated the plate in a humidified incubator (37˚C, 5% CO 2 ) for 24 h. We then added 10 µl of the CCK-8 solution to each well followed by incubation for 1 h. The absorbance was measured at 450 nm using a microplate reader (Flash Spectrum Biology Technology Co., Ltd.; Shanghai, China).
Detection of apoptosis and cell cycle analysis. For the detection of apoptosis, the HSFBs transfected with AD-Smac or the control were cultured in 6-well plates for 24 h. Apoptosis was then detected using the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay kit, according to the instructions of the manufacturer (Promega, Madison, WI, USA) and the cell cycle of the HSFBs was analyzed using a FACSAria flow cytometer (BD Biosciences, San Jose, CA, USA). The data were analyzed using CellQuest 3.0 software (BD Biosciences).
mRNA levels of type I and III pro-collagen. The levels of type I and III pro-collagen were quantified by real-time RT-PCR. Primers used were as follows: type I pro-collagen forward, 5'-GTTCGTCCTTCTCAGGGTAG-3' and reverse, 5'-TTGTCGTAGCAGGGTTCTTT-3'; fragment length, 254 bp; type III pro-collagen forward, 5'-CGAGGTAACAGAGG TGAAAGA-3' and reverse, 5'-AACCCAGTATTCTCCACT CTT-3'; fragment length, 349 bp; human β-actin forward, 5'-TCCCTGGAGAAGAGCTACGA-3' and reverse, 5'-AGCA CTGTGTTGGCGTACAG-3'. The initial denaturation was achieved at 94˚C for 2 min, denaturation at 94˚C for 30 sec, reassociation at 55˚C for 30 sec, extension at 72˚C for 30 sec (28 cycles) and a final extension step at 72˚C for 10 min.
Caspase-3 and -9 activity. For caspase-3 or -9 activity assays in the HSFBs, each reaction with a final volume of 30 µl was assembled on ice, including caspase-3 substrate (Ac-DEVD-AFC, 1 mM) or caspase-9 substrate (Ac-LEHD-AFC, 1 mM) and 10X caspase assay buffer. The generation of a fluorescence signal expressed in relative fluorescent units, due to the cleavage of substrates by caspase-3 or -9, was measured using an automated spectrophotometer (Shanghai Metash Instruments Co., Ltd., Shanghai, China) at wavelengths of 360/465 or 400/505 nm (excitation/emission).
Statistical analyses.
Experiments were conducted in triplicate and data are expressed as the means ± standard error. The Student's t-test was performed to evaluate group differences with SPSS 11.0 statistical software (SPSS Inc., Chicago, IL, USA). Values of P<0.05 were considered to represent statistically significant differences.
Results

Smac expression is lower in HS and
HSFBs than normal tissue and fibroblasts. Smac expression as detected by immunohistochemistry in the NSFBs was stronger than in the HS, where a weak expression was detected (Fig. 1) . Following western blot analysis of the cell extracts, the Smac protein band at 25 kDa was more prominent in the NSFBs than in the HSFBs (Fig. 2) . Using ImageJ software, quantitative analyses of Smac expression in 25 patients indicated and confirmed that the relative Smac protein level corresponding to the ratio of Smac/β-actin was significantly lower (11.03%) in the HSFBs than in the NSFBs (25.02%) (P<0.01).
Smac overexpression induces apoptosis of HSFBs. As Smac expression is low in HSFBs, we explored the modifications induced by the overexpression and suppression of Smac expression in HSFBs. The apoptotic rate of the HSFB group, as measured by flow cytometry, was the lowest among the 5 groups (Fig. 3) . The apoptotic rates of the control AD-Smac group and the control siRNA group were higher than the HSFB group. Moreover, the apoptotic rate of the AD-Smac group, which overexpressed Smac, was significantly higher than that of the control AD-Smac group, transfected with the adenovirus only (P<0.01). The apoptotic rate of the control siRNA group was significantly higher than that of the siRNA group (P<0.01). These results suggest the possible role of Smac in the induction of apoptosis in HSFBs.
Smac overexpression significantly inhibits HSFB proliferation.
The proliferation rate of the HSFBs was regarded as 100% and the proliferation of all the other groups was lower than that ofs the HSFBs (Fig. 4) . A significant suppressive effect on cell proliferation was observed following the transfection of the HSFBs with AD-Smac, as shown by CCK-8 assay. A marked decrease in proliferation was observed in the cells overexpressing Smac (transfected with AD-Smac) (52.86%) compared with the control AD-Smac-transfected cells (91.66%) at 24 h (P<0.01). The proliferation rate of the siRNA group was significantly increased (96.64%) compared with that of the control siRNA group (56.03%) at 24 h (P<0.01). The differences in the 2 proliferation rates at 24 h were greater than at 48 and 72 h. Therefore, according to these results, it can be concluded that Smac overexpression significantly inhibited HSFB proliferation, while the silencing of Smac by siRNA induced HSFB proliferation.
Smac overexpression downregulates the mRNA levels of type I and III pro-collagen. The excessive synthesis of type I and III pro-collagen is an important characteristic of HS. We therefore assessed the mRNA expression levels of type I and III procollagen in the HSFBs following treatment with AD-Smac or control AD-Smac and siRNA, or control siRNA. The results revealed no significant differences in the mRNA levels of type I and III pro-collagen among the HSFB group, the control AD-Smac group and the control siRNA group (P>0.05). The levels of type I and III pro-collagen were significantly decreased in the cells overexpressing Smac (AD-Smac group) compared with the control AD-Smac group and the HSFB group. The levels were upregulated in the siRNA group, where Smac expression was suppressed, compared with the control siRNA group and the HSFB group. These results demonstrate that Smac overexpression downregulates the mRNA levels of type I and III pro-collagen in the HSFBs. It was also shown that Smac preferentially affects the mRNA levels of type I pro-collagen compared with the mRNA levels of type III procollagen (Fig. 5) .
Smac overexpression enhances the activity of caspase-3 and -9 in HSFBs.
Caspase-3 and -9 are 2 important members of the caspase family and caspase-3 activation is considered as the executing event of apoptosis. Caspase-3 and -9 activity, as dectected by spectrofluorimetry, was activated in the HSFBs following transfection with AD-Smac (Fig. 6 ). The activity of caspase-3 and -9 was 3-fold greater in the HSFBs overexpressing Smac (AD-Smac group) than in the control HSFBs (HSFB group) or the control AD-Smac-transfected group. The activityof caspase-3 and -9 was markedly reduced (by 50%) in the siRNA group, where Smac expression was suppressed, compared with the HSFB group and control siRNA group.
Discussion
When severe trauma or deep burns occur on the skin, wound healing is crucial in order to restore the cutaneous barrier. Blood platelet cells, inflammatory cells, endothelial cells, fibroblasts and keratinocytes are recruited to prevent bleeding and promote wound healing. These cells form new blood vessels and produce ECM to create a new layer covering the surface of the wound. The majority of shallow wounds heal within a few days. However, in some individuals, the dermal fibroblasts proliferate excessively and secrete an overabundant ECM, resulting in HS. HS are clinically described as raised, pruritic and erythematous fibrous lesions limited within the boundary of the original wound. HS lesions are often bulky and inelastic scars which can severely restrict the mobility of joints and extremities, immobilize structures, constrict orifices and drastically compromise cosmetic appearance (2). Increased HSFB proliferation and decreased HSFB apoptosis Figure 4 . Measurement of the cell proliferation rate using a cell counting kit-8 (CCK-8) assay after 24, 48 and 72 h. The relative proliferation rates of the control AD-Smac group (transfected only with the adenovirus), AD-Smac group (overexpressing Smac), control siRNA group and siRNA group (suppression of Smac expression) are all lower than the rate in the hypertrophic scar fibroblast (HSFB group). These results suggest that Smac overexpression significantly inhibited HSFB proliferation, whereas Smac siRNA induced the opposite effect and significantly enhanced HSFB proliferation at 24 and 48 h. However, the differences in proliferation rate were reduced with time (72 h).
have been suggested to be the main factors in the development of HS, whereas the upstream regulators of apoptosis in the wound environment remain unclear (19) (20) (21) . Among the numerous key factors of wound healing (22), of all proteins involved in the apoptotic processes (23, 24) , the differences in their expression and distribution in the wound healing process (25) , a number of targets have been suggested to improve healing without keloids or HS (22) (23) (24) . However, little is known about the effects of Smac/DIABLO on skin wound healing processes; it is currently accepted that the expression levels of Smac/DIABLO are downregulated in several excessive proliferative diseases or tumors compared with normal tissues (13) (14) (15) (16) (17) (18) .
In this study, we investigated the expression level of Smac/ DIABLO in HSFBs and normal fibroblasts. We observed a significant downregulation of Smac/DIABLO expression in HS compared to normal skin tissues using both immunohistochemical labeling and western blot analyses. Thus, our results on HS processes, similar to other proliferative diseases or tumors (13) (14) (15) (16) (17) (18) , suggest the important role of Smac/DIABLO in the process of HS, mainly through the regulation of HSFB apoptosis and proliferation.
In order to confirm this hypothesis, we induced the overexpression of Smac in HSFBs. The overexpression of Smac significantly increased the apoptotic rate of the HSFBs and thus inhibited their proliferation. Remarkably, the transfection of these cells with Smac siRNA, suppressing Smac expression, had the opposite effect, inducing a significant reduction in apoptosis and a restoration of the HSFB proliferation rate. Consistent with the data from previous studies on various proliferative diseases (26, 27) , our results clearly demonstrate that Smac/DIABLO plays an important role in the regulation of apoptosis and proliferation of cells. However, the exact mechanism behind the Smac regulation of proliferation of HSFBs remains unknown.
The overexpression Smac/DIABLO by transfection of the cells with adenovirus carrying Smac increased caspase-3 and -9 activity. Restoration of the caspase rate (to low levels) with Smac siRNA suggests the major role played by Smac/ DIABLO in the complex regulation of HSFB proliferation Figure 6 . Effects of Smac overexpression and suppression of Smac expression on caspase-3 and -9 activity. Caspase activity was measured using Ac-DEVD-AFC as a caspase-3 substrate or Ac-LEHD-AFC as a caspase-9 substrate in hypertrophic scar fibroblasts (HSFBs) transfected with the adenovirus carrying Smac or the control and in the HSFBs transfected with siRNA against Smac or control siRNA; the caspace activity of the control was 100%. Smac overexpression significantly increased the activity of caspase-3 and -9 (AD-Smac group). Significant differences in caspase-3 and -9 activity were not observed among the HSFB group, control AD-Smac group and control siRNA group. †* P<0.01 vs. control AD-Smac; ‡* P<0.01 vs. control AD-Smac ; † P<0.01 vs. control siRNA; ‡ P<0.01 vs. control siRNA. Figure 5 . Effects of Smac overexpression on mRNA levels of type I and III pro-collagen. The overexpression of Smac downregulated the mRNA levels of type I and III pro-collagen, whereas Smac siRNA significantly upregulated the mRNA levels of type I and III pro-collagen. Remarkably, the increase in type I procollagen was higher than the increase in type III pro-collagen. during wound healing. According to previous studies (28) (29) (30) , apoptosis caused by Smac in the HSFBs mainly depends on the caspase pathways. Following the induced overexpression of Smac in HSFBs and its inhibition by Smac siRNA, our results strongly suggest that the intrinsic pathway of apoptosis is one of the main regulators of fibroblast function, i.e., colonization and proliferation, during skin wound healing.
However, HS is also characterized by a decrease in collagenase content, an increased collagen synthesis mainly by fibroblasts, leading to an abnormal collagen deposition and atypical ECM remodeling in the scar tissue (31) . The ECM in the skin is mainly characterized by the presence of type I and III pro-collagen, whose expression is significantly increased in HS. Remarkably, the expression level of type III pro-collagen is lower than that of type I pro-collagen in keloid scars. In a previous study, Oliveira et al (32) found that type III pro-collagen levels were significantly increased in HS compared to non-HS, whereas no difference in type I pro-collagen levels were observed in the same samples. Thus, the excessive secretion of type I pro-collagen also appears to play an important role in HS, and may be involved in the severity of HS. Thus, it would be of importance to find exogenous factors affecting collagen synthesis for the treatment of scarring. For example, many treatments with growth factors (33) (34) (35) , steroids (36, 37) or natural products (38, 39) may not only regulate the expression of collagens, but also collagen bundle organization. In this study, we investigated whether, in addition to its effects on HSFB proliferation and apoptosis, the expression of Smac can influence collagen type I and III expression. Our results demonstrated that Smac overexpression inhibited the mRNA expression of type I and III pro-collagen in the HSFBs. Indeed, the effects of Smac overexpression on the mRNA levels of type I pro-collagen were more significant than those on the mRNA levels of type III pro-collagen. Thus, the overproduction of collagen and atypical ECM remodeling in the scar tissue, with the modification of the ratio collagen I/III, lead to fibrosis of the scar. These results suggest for the first time a possible link (direct or indirect) between Smac/DIABLO and the levels of type I and III collagen in fibroblasts, which may be involved in the formation of HS.
In conclusion, to our knowledge, in this study, we demonstrate for the first time that in HS tissue, Smac/DIABLO is downregulated compared to NSFBs. This results not only in the promotion of fibroblast proliferation or in the reduction of their sensitivity to apoptotic signals, but also in the increase in type I and III pro-collagen expression. As all these events were inhibited by Smac overexpression, this suggests that Smac/ DIABLO may be a novel therapeutic target that may be used to prevent and control HS formation. Finally, the regulation of Smac/DIABLO may provide a potential approach for the regulation and improvement of skin wound healing.
